Abstract. We have developed the first particle-based numerical tool to simulate the coating of powder particles in additive manufacturing devices. Our Discrete Element Method considers realistic particle shapes and incorporates attractive interaction (van-der-Waals) forces between the particles. From simulations of powder coating using a roller as coating device, we find that the surface roughness of the powder bed scales with the square of coating speed. Moreover, we find that using fine, highly polydisperse powders may lead to larger powder bed roughness, compared to process simulations using coarser powders, due to the formation of agglomerates resulting from cohesive forces.
Introduction
Additive manufacturing (AM), which consists of building parts by successively melting powder layers by means of a laser or electron beam, has been pointed out as one of the pilars of the third industrial revolution. In particular, parts of nearly arbitrarily complex geometries can be efficiently produced without the waste of material involved in conventional machining processes [1] [2] [3] [4] [5] .
However, to achieve mass production a quantitative understanding of the effect of powder particle shape, material properties and powder coating speed on the packing characteristics of the deposited powder layer is required. Since it is difficult to achieve this understanding by experiments alone, a particle-based tool for the simulation of the coating process, which allows for the process investigation under different powder systems and process parameters, is required. This numerical tool should account for a realistic description of inter-particle forces, particle size distributions and complex geometric shapes of the powder particles, which play major role for static and dynamic characteristics of granular systems. Here we develop such a numerical tool, based on the Discrete Element Method (DEM), and apply it for the first time to simulate powder coating using a roller as coating device. The results of our simulations show a suprising dependence of the powder bed packing behavior on particle size distributions, and suggest that increasing the coating speed may cause decrease in part quality. As we will show, DEM simulations prove useful to shed light on properties of the powder transport that are challenging to investigate in experiments.
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Numerical experiments
The first step to achieve reliable numerical simulations of the powder application in AM is the accurate representation of the complex geometric shapes of the particles. This representation is accomplished here using the multisphere method, which consists of building clumps of spherical particles to model the target complex shape (see e.g. Refs. [6] [7] [8] [9] ). Fig. 1 shows some examples where the target shapes were obtained from light microscope images of commercially available PA12 powder as described in detail in Ref. [10] .
The translational and rotational motion of the multisphere particles are dictated by the forces on the constituent spheres, that is gravity, inter-particle forces and forces between particles and the walls of the device. Given the small particle sizes involved in the process (1−100 μm, see Fig. 1 ), attractive interaction forces must be modeled and incorporated in the DEM. In Ref. [11] we have developed a particle-based model which takes into account contact forces, as well as inter-particle attractive interactions. The contact forces are modeled by applying a modified Cundall and Strack model [12] which considers elastic and dissipative forces in the normal collision direction as well as in the tangential direction (that is, frictional forces) [13] [14] [15] . Recently, we have extended this modeling to incorporate attractive particle interaction forces [10, 11] . Our improved DEM model thus accounts for both adhesion at contact and non-bonded van der Waals forces, following the models in Refs. [16, 17] . As shown in Ref. [11] , simulation predictions for the solid fraction of different types of powder covering a broad range of particle size distributions relevant for AM process agreed quantitatively with experimental results. We have implemented the inter-particle interaction model in the DEM solver of Ref. [18] (LIGGGHTS), as this solver includes an interface to CAD programs from which we can reproduce the complex geometries of the AM devices. In the simulations, these geometries are interpreted as (dynamic) boundary conditions for the particles, whereas the force model described above has been adapted and implemented to compute particle-wall interactions (considering one of the interaction partner of infinite mass and radius). Further extensions of the DEM solver were made to incorporate the model of Ref. [8] for the correct computation of inertia tensor of the multisphere particles.
Simulations are performed with 5761 complex particles, which are modeled with the multisphere method, with the shapes shown in Fig. 1 and material parameters listed in Tab. 1 (see Ref. [10] for an in-depth discussion of the model parameters). In total, 24,771 constituent spheres are involved. Initially, the volume on both sides of the part is filled with powder particles, whereas the surface of the part is free of powder. The powder is then transported by the roller onto the part, represented by the green obstacle Fig. 2 , and approximated with the multisphere method. In the simulations, the part has length (in the transport direction) of about 1 mm. Figure 2 . On top we see one snapshot of the DEM simulation while on the bottom we see the evolution of the vertical and longitudinal components of the total force on the part as the roller moves to the right (corresponding position of the roller is indicated by the snapsthos on top of the plot). The part has length 1 mm and 0.4 mm in x and y directions, respectively, while periodic boundary condition in y direction is applied.
Results and discussion
here on ω R (see next Section for further discussion), we find that the packing behavior of the applied powder depends strongly on V R , as we will discuss below. We started our investigation by analyzing the evolution of the stress exerted by the granular particles transported by the roller on the part (see Fig. 1 . The study of the forces within the granular system and its interactions with the device's walls and part is important as future modeling will focus on breakage and particle deformation. It is well known that stresses in granular systems are characterized by force chains which display complex dynamical behavior as the granular material is subject to external shearing or compaction. We have found (see Ref. [10] ) that stress distribution within the granular bulk varies strongly over time. A fingerprint of this variation is the behavior of the total force on the part shown in the plot of Fig. 1 . We see strong fluctuations in the total force that reach more than an order of magnitude, both in the vertical and in the 2017 ) horizontal direction, as the roller moves in the transport direction. Moreover, we see that both components F x and F z nearly vanish when the roller has covered 50% of the part's length (note that time in the plot is indicated by the position of the roller relative to the bed in the upper snapshots). This result indicates the time instant from which the lowermost granular layer in the powder bed deposited on the part becomes nearly shielded from the stress due to the roller motion. However, we expect very different behavior for the plot in Fig. 2 if load in the vertical direction is exerted by the roller on the powder bed. Because this load is typically applied in experimental conditions, it constitutes one important extension to our model, whereas its effects on the total force on the part and the characteristics of force chains in the system are matter of ongoing research (first results will appear soon [20] ).
Moreover, the transport dynamics largely affects the packing behavior of the powder particles deposited on the powder bed. To investigate this behavior, and since it is desired to enhance production speed while obtaining flat, densely packed powder beds, we calculated the roughness of the powder bed as a function of the roller's velocity V R . To quantitatively characterize this roughness, we divided the powder bed on the part in 4 longitudinal slices of equal width (in y direction) and computed the mean standard deviation of the maximal powder bed height h(x) for all slices (where x is the transport direction). The result is shown by the blue squares in Fig. 3 . We see a clear increase of the bed roughness -which we call δ -with the roller's translational velocity V R . In particular, we find that the expression
fits well the simulation results thereby leading to a ≈ 6.05 μm and b ≈ 3.9 × 10 −4 μm. Although this result remains to be confirmed experimentally, there is experimental evidence for increase in the roughness of powder lines deposited (poured) by a nozzle as a result of increase in coating speed.
We thus addressed the question of how particle size distribution affects the powder roughness. To investigate this issue, we modified the size distribution shown in the plot of Fig. 1 by removing all particles with diameter smaller than 60μ (but keeping the same total mass of powder particles in the numerical experiment).
The result for surface roughness δ as a function of V R is denoted by the circles in Fig. 3 . We see that δ increases with V R as it does for the original size distribution, but overall values of δ obtained using the modified (coarser) powder are smaller. This is suprising result if we consider the well-known effect that deposition of highly polydisperse granular systems leads to higher solid fractions than for nearly monodisperse systems, as small particles fill the pores between larger particles. However, we can understand our results by noting that attractive inter-particle forces (adhesion and non-bonded van der Waals) lead to the formation of large agglomerates in the powder associated with the blue squares in Fig. 3, due small particles < 30 μm. For such particles, gravitational forces are largely compensated by cohesive forces, so that such small particles are transported as larger, irregular clumps or coated on the surface of much larger particles.
In the modified powder size distribution, the phenomenon of agglomerate formation is less pronounced as van der Waals forces become less efficient in keeping agglomerates stable when particle size increases beyond 60 μm (see Refs. [11] for a discussion on the effect of polydispersity in the solid fraction of fine powders and Ref. [10] for a more detailed analysis of the deposited powder bed in AM). We have thus found that a way to decrease the roughness of deposited powder beds in additive manufacturing is to modify the particle size distribution so that smallest particles are filtered out from the system. This surprising result -which could be exploited to improve the quality of powder beds in AM without necessity of changing process parameters -should be now verified in experiments. Moreover, we should remark that the solid fraction may be substantially improved if vertical load is exerted by the roller on the powder bed, or when the device is subject to vibrations, which remains to be investigated.
Conclusions and outlook
We have presented a particle-based numerical tool for the simulation of powder application in additive manufacturing (AM) devices. This tool accounts for a realistic description of complex particle shapes, inter-particle forces and particle size distributions of powder systems of different materials used in AM. By applying our tool to investigate the coating process using the roller as coating device, we have found a surprising result, that is the roughness of the applied powder bed increases with the coating speed. This result, which is consequence of the cohesive interparticle forces leading to large particle agglomerates, suggests that faster production speed may not be a good op-tion in mass production since low solid fraction and large bed roughness may negatively influence part quality. We refer the reader to Ref. [10] for further discussions on our results as well as for a more detailed presentation of our DEM model and numerical experiments. It would be interesting to perform systematic experiments using different roller translational velocities to confirm the predictions from our simulations.
Our numerical tool provides a means to investigate particle-based processes in AM that are difficult to be studied experimentally, such as stress distribution within the powder bulk, on the part and on the coating device. We have seen that such stress distributions are characterized by force chains and large stress fluctuations that are characteristics of granular materials [19] . However, the interparticle force model should be now extended to incorporate electrostatic interactions and tribocharging, which are still poorly understood but may largely affect the transport process depending upon the powder material and process parameters.
Moreover, several questions and challenges constitute matter of ongoing [20] and future work. For instance, how do vibrations applied to the device affect the packing properties of the bed? How does the packing density depend on particle material properties or shape? What is the effect of the load of the coating system on the powder bed on the relation between coating speed and surface roughness? In particular, we have found that the rotational velocity of the roller does not play a significant role for the solid fraction of the deposited powder, but does this result change if load is applied?
We have shown how DEM simulations may help to find the answers to such questions. Following the aforementioned model improvements, our research thus advances with the vision to achieve a numerical tool that can reliably complement and largely replace systematic powder coating experiments, as well as derive strategies to optimize the production process.
